Abstract Dynein, cytoplasmic 1, heavy chain 1 (DYNC1H1) encodes a necessary subunit of the cytoplasmic dynein complex, which traffics cargo along microtubules. Dominant DYNC1H1 mutations are implicated in neural diseases, including spinal muscular atrophy with lower extremity dominance (SMA-LED), intellectual disability with neuronal migration defects, malformations of cortical development, and Charcot-Marie-Tooth disease, type 2O. We hypothesized that additional variants could be found in these and novel motoneuron and related diseases.
Abstract Dynein, cytoplasmic 1, heavy chain 1 (DYNC1H1) encodes a necessary subunit of the cytoplasmic dynein complex, which traffics cargo along microtubules. Dominant DYNC1H1 mutations are implicated in neural diseases, including spinal muscular atrophy with lower extremity dominance (SMA-LED), intellectual disability with neuronal migration defects, malformations of cortical development, and Charcot-Marie-Tooth disease, type 2O. We hypothesized that additional variants could be found in these and novel motoneuron and related diseases.
Therefore, we analyzed our database of 1024 whole exome sequencing samples of motoneuron and related diseases for novel single nucleotide variations. We filtered these results for significant variants, which were further screened using segregation analysis in available family members. Analysis revealed six novel, rare, and highly conserved variants. Three of these are likely pathogenic and encompass a broad phenotypic spectrum with distinct disease clusters. Our findings suggest that DYNC1H1 variants can cause not only lower, but also upper motor neuron disease. It thus adds DYNC1H1 to the growing list of spastic paraplegia related genes in microtubule-dependent motor protein pathways.
Introduction
Dominant mutations in DYNC1H1 have been described for a range of neurological diseases with both peripheral and central nervous system involvement. Point mutations were first identified in intellectual disability in two patients [1, 2] , who presented with craniofacial features and signs of lower limb neuropathy. Soon after, novel dominant point mutations were discovered in Charcot-Marie-Tooth disease 2O (CMT2O), causing prominent lower limb motor neuropathy [3] , and in cases of spinal muscular atrophy with lower extremity dominance (SMA-LED) [4, 5] . Ten additional mutations were recently found in cases of SMA-LED [6] and eight more were reported in multiple cases of malformations of cortical development (MCD) with microcephaly [7] . Three of the latter also showed evidence of peripheral neuropathy. Finally, congenital lower motor neuron disease associated with focal areas of cortical malformation (SMA-FACM) has been reported in two patients with DYNC1H1 mutations [8] . This wide array of DYNC1H1-associated phenotypes speaks to its crucial role in the function of specific neuronal cell populations. Therefore, we screened 1024 cases with motoneuron and related diseases for unique DYNC1H1 mutations. We report here the results of these studies, detailing three mutations in DYNC1H1 associated with both complicated lower motor neuron disease (SMA-LED with and without gastric volvulus) and complex upper motor neuron disease [hereditary spastic paraplegia (cHSP) complicated by intellectual disability, epilepsy, cataracts and a thin corpus callosum (TCC)].
Materials and methods

Exome sequencing
Whole exome sequencing was performed in all patients. The SureSelect Human All Exon 50 Mb kit (Agilent, Santa Clara, CA, USA) was used for in-solution enrichment; exome sequencing was performed using the Hiseq2000 instrument (Illumina, San Diego, CA, USA). Paired-end reads of 100 bp length were produced. BWA and GATK software packages [9, 10] were used to align sequence reads to the reference and call variant positions. The data were then imported into GEM.app [11] for further analysis. 86,928,563 sequence reads were produced, 99.2 % of which were able to align to the targeted sequence. There was a mean coverage of 82.2 reads, and 72 % of the targeted sequence was covered by at least 20 reads. Whole exome sequencing analysis did not include introns or expanded repeat sequences. DYNC1H1 variants were filtered for impact on the coding sequence, frequency in public databases (minor allele frequency in NHLBI ESP6500 \0.2 %), conservation (GERP score [ 0 or PhastCons score [ 0.3) and genotype quality (GATK quality index [ 50 and genotype quality GQ [ 40). Variants segregating in more than three families in GEM.app were also removed.
Subjects
The list of analyzed GEM.app patients encompasses 369 cases of CMT and hereditary motor and/or sensory neuropathy; 132 cases of ataxia including spastic, cerebellar, and spinocerebellar ataxia; 400 cases of complex and pure hereditary spastic paraplegia; and 123 cases of varied neuropathies and primary muscle diseases. Within these 1024 families, we discovered 13 index patients with variants in DYNC1H1. Nine patients had novel variants, three of which were dominantly segregating or de novo within the families, detailed below.
Family IHG20108 is of Austrian origin, and clinically diagnosed with SMA-LED. The index proband was first brought to neurological attention at 6 months and was reexamined at 12 years of age. Clinical and electrophysiological studies were performed using standard methods as described previously [12] . The index patient of family IHG75979 is of Hispanic origin and also diagnosed with SMA-LED. He was examined after birth, and re-examined at 14 years of age. He was initially clinically diagnosed with SMA 3, but survival motor neuron protein (SMN1) testing was normal. Microarray testing was also normal. Family IHG26107 is of Turkish origin and the index patient was clinically diagnosed with cHSP. She was first brought to our attention at age 38 years.
Blood samples for DNA analysis and genetic studies were taken by all participating family members, after informed consent. These studies were approved by the local Ethical committees of the Medical Universities of Vienna and Graz, Austria for family IHG20108 and by the Institutional Review Boards (IRB) of the University of Iowa for family IHG75979 and of Tübingen, Germany for family IHG26107.
Sanger sequencing
Prior to WES, five genes known to cause distal hereditary motor neuropathy (dHMN) and distal SMA were excluded for mutations in IHG20108 individual II/2. All exons and exon-intron boundaries of Berardinelli-Seip congenital 
Muscle biopsy
A right quadriceps biopsy was performed on patient IHG75979 (III/2) at age 13 years. A portion of the biopsy was oriented for cross-sectional histology and frozen. Due to severe ice crystal histologic artifacts, this tissue was thawed and refrozen in isopentane precooled to -160°C. Another portion was fixed in 10 % buffered formalin and processed into paraffin. Frozen sections were evaluated after staining with hematoxylin and eosin (H&E), nicotinamide adenine dinucleotide-tetrazolium reductase, and Gomori trichrome.
Fiber typing was performed in cryosections by immunoperoxidase staining for slow myosin heavy chain (primary antibody from Developmental Studies Hybridoma Bank (DSHB), The University of Iowa) and for fast myosin heavy chain (DSHB). Paraffin sections were evaluated after staining with H&E and with immunoperoxidase for neurofilament (Dako, Carpinteria, CA).
Results
Mutation screen in DYNC1H1
We queried DYNC1H1 mutations in 1024 WES patients using GEM.app (https://genomics.med.miami.edu) an online tool for storing, managing, and analyzing whole exome variant data [11] . Average sequence read coverage of DYNC1H1 was consistently high (supplementary Fig. 1 ).
To our knowledge, DYNC1H1 mutations have only been reported in autosomal dominant or de novo cases, therefore we limited our analysis to these models of inheritance.
Results were filtered using a ''moderate'' set of criteria described in the methods section. After filtering, we were left with 13 patients carrying nine novel conserved variants and three known single nucleotide variations with entries in dbSNP 137. These are reported along with known diseaserelated DYNC1H1 mutations in Table 1 . Each variant was validated with Sanger sequencing, followed by co-segregation analysis in family members. Seven variants did not segregate, indicating that not all conserved and predicted damaging variants are disease causing in this gene. One variant, c.7192 C [ T, p.R2398C, was found in a case clinically diagnosed as Behr syndrome (with symptoms including optic atrophy, spastic paraplegia, and axonal neuropathy [13] 
A [ G, p.D1062G) were confirmed as de novo mutations in cases of SMA-LED (IHG75979) and cHSP (IHG26107). The p.R598C mutation was also recently reported in another family of SMA-LED [6] , and these results further confirm the pathogenicity of this mutation.
Clinical presentation of identified DYNC1H1 mutations
Family IHG20108 is of Austrian origin, and clinically diagnosed with SMA-LED. The index proband (III/1) was first brought to neurological attention at 6 months of age and was re-examined at the age of 12 years (Fig. 1a) . Patient III/1, like the affected father (II/2), presented with foot deformity at birth (Fig. 1c) , followed by delayed motor milestones, gait abnormalities, and frequent falls. Both subjects underwent surgery of their Achilles tendons at age 10, and showed pronounced lower limb distal wasting as well as pes cavus. Muscle weakness was mild, but the patients were never able to walk on their heels or bend their knees. Neither patient displayed upper limb or sensory symptoms. Tendon reflexes were absent in the lower limbs. There was prominent lumbar hyperlordosis in both (Fig. 1d) . Patient III/4, the sibling of the index patient, was examined at age 10 and displayed similar, but milder symptoms. Lower limb tendon reflexes were diminished and there was mild lumbar hyperlordosis. Interestingly, both SMA-LED patients of generation III were diagnosed with gastric volvulus in early infancy, which needed surgical intervention. Nerve conduction was normal for all three patients, with the exception of a slightly decreased velocity in the right tibial nerve of patient II/2. In patients III/1 and III/4, MRI of the lower extremity showed atrophic changes of the quadriceps femoris, predominantly involving the vastus lateralis, vastus intermedius, and rectus femoris, whereas the vastus medialis and the medial and posterior muscle compartment of the thigh, as well as of the lower leg, were only minimal affected (Fig. 1e) .
Family IHG75979 (c.1792 C [ T, p.R598C)
The index patient (III/2) in family IHG75979 (Fig. 2a) was also diagnosed with SMA-LED. He was born with bilateral hip dislocations. Early milestones were delayed, including crawling. The subject did not begin walking until 2 years and 2 months of age. At 14 years of age, the patient had normal sensation and no history of sensory loss. He showed no abnormalities in cranial nerves or upper extremities. The patient had prominent lordosis with waddling gait and could not bend over without losing his balance, although he did not have scoliosis. He was never able to run or jump, and used a modified Gower's maneuver to stand from a seated position. The subject showed atrophy and weakness of the lower limbs, including pes cavus of the right foot and bilaterally reduced deep tendon reflexes. Creatine kinase levels were normal. A muscle biopsy from the right quadriceps showed neurogenic changes: angulated, atrophic fibers arranged in small groups (Fig. 2b) . In addition, there was a marked predominance of type I fibers. Rare fibers co-expressed slow and fast myosin heavy chain, and thus, were considered hybrid fibers. Myonecrosis or regeneration was noted in rare, widely scattered muscle fibers. Endomysial fibrosis and fatty replacement were mild. Internally placed nuclei were increased.
Family IHG26107 (c.3185 A [ G, p.D1062G)
The index patient in IHG26107 (Fig. 3a) was diagnosed with a complicated form of hereditary spastic paraplegia, manifested by a progressive spastic gait disturbance since age 15. Signs and symptoms of pyramidal dysfunction progressed slowly, leading over the course of two decades to a lower-limb predominant spastic tetraparesis; at age 37, the patient was still able to walk aided by a walker. Disease was complicated by cognitive deficits with behavioral disturbances (aggressiveness; lack of insight into everyday needs and disease) preceding the gait disturbance by about 10 years, mild ataxia of the extremities and bilateral cataracts. She furthermore developed treatment-refractory focal epilepsy from age 17 with complex partial and secondary generalized seizures. MRI scans at age 33 years revealed polymicrogyria in the perisylvian region (Fig. 3b) , similar to those seen in an MCD patient carrying the p.K3336N mutation, an SMA patient with p.Y970C, and two SMA-LED patients carrying p.Q1194R and p.E3048K
mutations [4, 6, 7] . In addition, MRI revealed a thin corpus callosum (Fig. 3c) , thus resembling the picture of cHSP with TCC [14, 15] .
DYNC1H1 mutation locations
DYNC1H1 is a large protein (532kDA, 4646 amino acid residues) and one of two known cytoplasmic heavy chain dyneins. More than half of the protein is devoted to its C-terminal motor domain, with six ATPases associated with diverse cellular activities (AAA) and a stalk containing the microtubule-binding domain. atrophic fibers in small groups were numerous in the frozen tissue (H&E, B2 and immunoperoxidase-stained sections B3, B4). There is a marked predominance of type I fibers: all muscle fibers express slow myosin heavy chain (B3), while only rare fibers co-express fast myosin heavy chain (B4). These fibers are hybrid fibers (marked by lower case letter h). Scale bar 50 lm for panels B1 and B2; 100 lm for B3 and B4
vertebrate mutation locations, including those detailed in this manuscript, are represented in Fig. 4 .
Discussion
We performed a mutation screen in 1024 families with neuromuscular and neurodegenerative disease, identifying nine novel variants in DYNC1H1. Segregation analysis revealed three of these as likely causative mutations. Additionally, each was found in a functional domain near known disease-associated mutations, further implicating them in their respective diseases. The three families include two cases of SMA-LED and one of cHSP, the first example of its likely association with DYNC1H1. SMA-LED patients in both families analyzed here exhibited a typical phenotype as described in other SMA-LED patients [5, 8] . Interestingly, within family IHG20108, both siblings carrying the DYNC1H1 mutation were surgically treated in early infancy because of gastric volvulus, a condition reported to be a consequence of diaphragm defects [16] . Diaphragm weakness would be a conceivable explanation for the volvulus in these patients. MRI of the legs in both patients displayed neurogenic muscular atrophy predominantly involving the quadriceps femoris, but sparing most of the other muscles of the thigh and lower leg. These findings are in good agreement with earlier work [5] and are similar to MRI findings observed in SMA-LED patients due to mutations in BICD2 [17] [18] [19] . This is particularly noteworthy as BICD2, like DYNC1H1, mediates specific minus end cargo transport along microtubules and has been linked to HSP [20] . Intellectual impairment was not found in any of these patients, but MRI studies of the brain could not be carried out to detect silent changes as were shown recently in two other SMA-LED patients carrying DYNC1H1 mutations [8] .
The muscle biopsy from the de novo SMA-LED patient displayed type I fiber predominance. Type I predominance and type II-selective atrophy have been seen in cases of CMT2D/distal SMA and SMA-LED, respectively [5, 21] . In addition, selective degeneration and/or conversion of specific muscle fiber types is a recurring theme in numerous conditions, though the reason for subtype discrimination is still unknown (reviewed by [22] ). This could indicate a muscle-specific component of the disease, a difference in susceptibility between alpha motor neurons innervating type I or type II muscle fibers, or a combination of both. These ideas are currently being studied in many muscle type-selective diseases [23, 24] . The amino acid substitution seen in this patient (p.R598C) was recently reported in another SMA-LED family, with comparable phenotypes of waddling gait and onset at birth and in childhood [6] . Identification of a well-conserved de novo DYNC1H1 mutation in a patient with cHSP with TCC indicates that DYNC1H1 might cause not only lower, but also upper motor neuron disease. Moreover, this provides an important insight into pathophysiology: mutations in the microtubule-dependent motor protein DYNC1H1 impair functioning of cortical development and peripheral neurons [2] , as well as that of the long corticospinal tracts. It thus potentially adds DYNC1H1 to the list of HSPs caused by deficits in axonal transport due to mutated motor proteins [16, 25] and to the large number of genes known to be involved in both HSP and CMT [26] . However, upper motor neuron disease is only part of a complex multisystem phenotype, including cataracts and mild ataxia. And, as with other DYNC1H1 patients [1, 2, 4, 7, 8] , this cHSP patient showed cognitive deficits, generalized epilepsy, and polymicrogyria of the perisylvian region. Due to the consanguineous relationship between the parents of the index patient, we also searched GEM.app for recessive homozygous mutations that could explain the phenotype, but were unable to identify likely gene candidates.
The distribution of known mutations across DYNC1H1 shows a clear bias towards functional domains. There are numerous SMA mutations distributed across the dynein complex-binding domains, while intellectual disability mutations are clustered in the microtubule-binding regions, which could reflect tissue-specific functions of these domains. Similarly, each of the three novel mutations described is found within these domains and is in close proximity to mutations implicated in SMA-LED, MCD with microcephaly, and the mouse models Loa, Swl, and Cra, which all display dominantly inherited behavioral signs of peripheral neuropathy. Seven variants from our screen did not segregate, all but one of which were found outside of functional domains. This suggests that rare polymorphisms frequently occur in DYNC1H1 and that there are regions which are more susceptible to mutation-induced dysfunction. The prevalence of polymorphisms probably owes, in part, to the size of the gene. DYNC1H1 is one of the largest genes in the human genome, increasing the likelihood of discoveries of noncausative variants. This should be considered when analyzing novel variants.
Mechanistic studies of pathologic mutations have been carried out in numerous models with both overlapping and unique features. A functional investigation of the ascomycete fungus Neurospora crassa [27] revealed similarities among 34 Dync1h1 mutations identified from a largescale genetic screen. Every motor domain mutation, regardless of position, was shown to decrease vesicular transport; however, additional effects were location-specific. Within the microtubule-binding domain, the majority of mutations left dynein-microtubule complexes intact, but disorganized and mislocalized away from the growing hyphae tip. In contrast, in vitro analysis of two MCDcausative mutations located in the microtubule-binding domain revealed decreased microtubule affinity [7] . The Loa mutation, located in the dynein complex-binding domain, showed defects in neuronal migration and organelle trafficking as well as altered interactions with other proteins of the dynein complex [14, [28] [29] [30] . These experiments highlight the range of effects caused by DYNC1H1 mutations, dependent on their placement within the gene and on the model studied. Cellular transport, however, is consistently compromised regardless of the experimental approach and is likely to play a key role in the pathology of many of the phenotypes associated with DYNC1H1. Fig. 4 Vertebrate mutation locations in DYNC1H1. Dominant mutations cluster in and around the stalk and homodimerization domains. Novel segregating and de novo mutations are annotated and marked with stars. Mutation locations in mouse models of peripheral neuropathy are also shown, including point mutations in Legs at odd angles (Loa) and Cramping (Cra), and a three-amino acid deletion in Sprawling (Swl) [31, 32] . The two zebrafish mutations include the photoreceptor-degenerating point mutation in cannonball (cnb) and the unnamed insertion mutant which shows PNS and CNS myelination defects [33, 34] Our findings expand the gamut of possible DYNC1H1-linked phenotypes, while refining the positional distribution of their causative mutations. As novel mutations are discovered, we believe phenotypic correlations will reveal a more coherent pattern of regions of interest within the protein. This information can likely be used to predict and explain some degree of the pathogenicity and phenotypic variance of this spectrum of disease.
